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Statistical analysis of NTNU test results to predict rock TBM
performance

Soon-Wook Choi, Soo-Ho Chang, Gyu-Phil Lee, Gyu-Jin Bae

ABSTRACT To predict TBM performance in design stage is indispensable for its successful application. The
NTNU model, one of the representative TBM performance prediction models uses two distinct parameters such
as DRI and CLI obtained from three different tests on bored rock cores. Based on DRI and CLI, it is possible
to predict TBM advance rate and cutter life in the NTNU model. In this study, NTNU testing methods and their
related testing equipments were introduced to measure DRI and CLI for the NTNU model. Then, in order to
derive their relationships, the two key parameters measured for 39 domestic rocks were compared with
physico-mechanical properties of rock such as uniaxial compressive strength and quartz content. Lastly, the
experimental results were also compared with NTNU database to verify their reliability.

Keywords: TBM, NTNU test, brilling rate index, cutter life index
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1.ME

A AARCZ =4 B, A Aketed, o - sjAEE FollA P nEHAIEE flsked
TBM®) 21g-0] FTh=IL itk T2j; TBM2 ApHol ol &5}2] 23 ARk712) Halo) oigh s
glo] 7|& 3} ek uf AjAeg v 4= Ql7) ujiol], AAA A TBME] AM ""*“*01]2‘-
B FAPIZE APEE $IFE BR0E o] o Fasitt ol -2 TBME] 4537 # 2U&

i EHH 0 2= CSM(Colorado School of Mines)2 4, NTNU(Norwegian University of Science
and Technology) &, Qrem®Z 3, 317 %(total hardness)® @ 5o} rk.

NTNURE2: =290 NINUoA] 7jdst oz =go] Xkl dis) 4 |zt &
e Agof IAst AAE AR TBM 44 2 A5H7t Zdo|thBruland, 1998a). 53],
&7t g A (equivalent fracturing factor), DRI(Drilling Rate Index) % CLI(Cutter Life Index)2}
A2 NTNURE 3159 A9 S92 256 TBMO| #2183} Aearge] o] 7hssial &
A3 HHE W_Eo] 25 FE] k.

CSMEEL u|52] CSMojlA 20~30d o4} Z2E TBM EAER e A3 Al date] &7
3l A|AJ= TBM A2 =o|thCigla and Ozdemir, 2000). E3F CSMojlAl= LCM(Linear Cutting
Machine)ofl 23t ¢4 2] M HAAY, A3 (Punch penetration test), H|2AF uA|&(Cerchar
abrasivity test) <] TBM & A|E-S #8isla A5, 2010). 18}; NINUR D} &)
CSMEYo] tst 4a] e AF TAA ek e

Qv 22 QA LH 9] QY HAo] U&USHE, 38, CLL APid 58 B2 ¢34
3 2 EE 9= F-g&Eu(Barton, 2000), TAE B2 whbA w A3 (Schmidt hammer
test) 2} U]—EﬁE/\]?ﬂ(Taber abrasion test) O 2R E] A El= A o] o3 TBM] &2 X831} #
BAEES dZ3l7] 5k AR o]tk Tarkoy, 1986). SHAIT olite] T 71x) 2] ofs)
A= TBM AlFe] A7) 9 77} Brksstel, 2208 of&ante] AsuE AEos we o
2 25l ok

wfaba] 2d g FhEe] Qlal TBMS] 71849l AlF AES} §7) TBMO| 244% 9]
7Rsiche ZwolA NINURDO) H8-400] Srhin 3 4 ek Eat oj o4 AR dhdle] Al
2ol B85k B el et 208 Teld & Atk FUE FH o

SPEE A1 QAT ule} o] NINUmEO A ghe] 22Hgolieo} ti2aziele) nimage
s NTNUED 31-5-0] E/J2|322] DRIZ} CLIZ A|goR —‘?—Ei Teh= o] A olnt. 1t
DRI} CLIO] o2t Alge: dubAQl oA Alge g Eat Adolah A AAId g 2 7 7
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I 71GolAut A AFARIES B85t gk

mhEbA] B A teljalis NINUR G| 4 92215 DRIZ CLIE S43517] 218 NTNUAH &
Hdat whig Avfeta, -ejuetell NINUR o] A8 o]$2 A% NINUAIRZT == &
13kt 53] NTNU A\ SZTED) orae] 8 545 Alo)d] AaAlE stefsiaral skl
uiAlef oz ol ate] AIFATES kEgo] NINUOjA 45kl Qli= dloleHjo] Ao} ujusle] $-
2lubet B et NTNU A|gditge] 8848 HdEskaat shoick

J{N'
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Ol

2

2. HEE TBMe| ZTYs oFS #i2t NTNUAIESY

2.1 NTNUARo]| 2|8t DRI2H CLI2| AP-RE

DRI 9441e] A-g-g-0]m(drillability) S B8] 95F A2k, 445 (Brittleness test) 2}
rAe] FHAEE 245 HA A $l(Siever’s miniature drill test) ZAI-EREE] APYHC] =,
DRI Al L(brittleness value, Sy)S HHATE HASII= ou|2 sj4dE 4 glch

FEAIE S 71AA S400 it eAle] AR SAgshat] -8 of W2 2guloflA
1943 d0f] 222 A=A T, YO FEAIH-Z 1950t HHE] A2 2580w} =2-go]
EE Hrsh7] 913t Al o= AMg-E]o] ghtk(Bruland, 1998¢). WA, HEAGARL: Ae] 21
A T HEAE 243517] 9510 Sievers7} 1950 ol Zdtst o]t Bruland, 1998c¢).

NINUOA= @ AFARE 7[9he R slo] HPwAla) 3 A3A e2iy dagole
Z|4=¢1 DRIZ A¥sHiet. oh&e) 713 18 FAAE(Sw)2t AFAPA|4¢] STREE DRIZ A4ls
<d E8Fe mxolrk

CLI= 22 dRtzziolA TBM G tlATAE 9 nfitpm S e h=t] Z-85h= Ae2A,
-5-A 3R> ST} AejulRLA|S)(Abrasion test)ofjA] F8F A Ejufi A]<(Abrasion Value Steel, AVS)
226 t18e] 4] (1)7} o] AXEckBrland, 1998)

03847
CLI=13.84x 8J )
AVS

NTNUZ o] ol8t TBM #44% o2 Aol ojAke] DRI} CLILJo|| = W2 d12HE0] ks
Ul d iR eR® gd, daaAg A%, He fgLaAYH 14 55 S
1998b).
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a1, M=o MAXE SJo|l 2|5t DRIS| A|At EH(Bruland, 1998c)

2.2 FHEZAH LY

AHEAIE Al 270l 32 mm ol MR TO] Ei FARES THRE F 112~16
mm 37|12 A7}Eske) ARE Zulsich o] 16 mm oo whE ¢AS P4 We(bulk
density, P5)E ZH5H=E] AMgsc

FAEAHol AT AlRTFS 9] A vlet 2o =7t 11.2~16 mmol| Hste W=
7} 2.65 g/cm3°1 A=) i3l 13] o] 500 g& ARRSH= AL 7|20 3t ulaba] oFAle]
Aol w2k thgol 4] (2)9] dlAle o] Al A AMAR] SRS BAste{of gl

AT po7b 267 glem?® 9 A0 AJFEg =Lg/cm3xsoo g=5038 g )
2.65 g/cm
AT Ao deg BAAE AR SRS AlFste] 18 2(a)9 o] AlEE AR g F
74& FAAFEA o]l Lelsrt EAo] AxE AME HAE g 1A, 28
33} Zro] BA7} 14 kgl Avx]i 25 ecm®] #oloflA] 209 A&sle] FAE TIEITHIH 2(b)).
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AlE 27 3, APoA HAEE AEA T 13} Zo| chAx]<x(compaction index)E H7atct

Aol A 74‘"“ HMEE BotA AZRE AYE o] gEith AR A" F 112 mme)
A 3t o) MEER Aok F, 3% 29 o] AkE & S8E HHY FHE 11.2 mm
AE 7oz Estal, AR kol diste] 11.2 mmREch 2R #4450 S35 WE-as A
Tk 33] AlFATe] "o R FEE Ag

@ A4E A% Ao AR ®) AA=AEE A

irnpact welight
14kg

apening s wet to the
.« mean valus of the
sive intarval

e 13 Gmm for
H.2-16mm frwmn}

material = 16mm

flakiness is
O, FOESsrec t‘k\‘ v

SR 3 ZMoe B89l HR(Bruland, 1998c)
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2 1, g&X|ee] FE(Bruland, 1998¢)

0 (Hall 812 Are Hhol RHBES AW ) WE BAEEC] AUz ¥ 2 g
| o] 2% ) 2}%{;1272;01 EAESS Y U AYZRE Levh B o HE A9 A W

e BAES &7toR WA s,
APEE FAe] EHBES AW o 4ol Bel 8. de BUES 4R F4E
4o =72 AW WF AL oA 9.

A FPolE RSl Abtkat el B4 o de BAES AW 24
2329 AA 8 gE= s dx 4.

2. (3go] 7)

3 (vhdo] vl 2)

B 2 4= NEZED of

! 'g il o o '
ANBA FF 503.8 160.0 503.8 100.0 503.8 100.0
NEE #4(>11.2 mm) 2445 48.5 241.8 48.0 2358 46.8
AEF HA(<11.2 mm) 259.3 51.5 262.0 52.0 268.0 532

2] Al & (brittleness value, S) = 52.2

HIAGAY Aol @4 AlFa0] EL o4 B2 Polot Zo] o 50~100 mmo]at
Hasl] dntsiol ARBL Euldth
8 got. ol 2ol HEE

guide

© /
l l — tungsten carbide
; drill bit

213 4, MBXMEAEL JHR(Bruland, 1998¢)
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TBM 2l EE 2B NTNU AFERQ B4

& AxzofA] 105+5T ] =2 2447F A28l 3 eA[AolE A 2045T ] £ 27 ShofA]

mIo

Y Aol 29 49k Zo) Fol 20 kgQl F29] sl A@EE LAYA7|IL AlFE ] HHo]
H]Eﬂ L} %33,10] EI—};-Z] slo13} 3?—0]] AH 7hElo] E(tungsten carbide) A0 #-F
AAEE %, ol 2nlE Ei= AHAE
1 Heaks Sige® Atk

H
I
[m

2.4 HHOIZAIY WY

NTINU Aol ot aghe S4sH Alfo2E vEREARY} ASutAgo] Tt v
EnpRATHE AEOIRAIGE 242f BWI(Bit Wear Index)@} CLIE APg3l7] 913t} AAlE: =
AFolA: TBMO] AR St 99 vig AR o= sb7] gzl AEuHARef
ARt Agstaat gt

A PERAJE A= M HAAEAES St AlRE Fuld off F7 o= dofal= 1| mm ofs)
o] Y-S ARSI

EF AupEA o A= A AFSE tlAaAE HE H4 7Heste] 0] 30 mm, & 10 mm
9 HTAEE 15 mmel AJHUIES Aate] 2EIITHIY 5). ATE Aol HEEA] AR =S
H719} o] AUsH] dntwlo} gl=Al fRlstoiof ik

AE Aol 0001 g AUES 7 B ASE A8t ARIES] T8 ST T, A
£ 119 59 Zo] F7F 10 kg 39 shyo] wAgict 0] sho] uAHE AFYIES Heo

TEEE YT B HEEo] Yute) sl whet o) oJa) nh} WS dnt. ojuf

u

\a.., Bingsten carbide

col o
= 1308) goed dise

g 20 BEM
for § minuies

28 5. HEjoFR A& L 7l 2(Bruland, 1998¢)
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QHEel FHERE 80 gmino]u] T 150] 203) SPsich ARo] $RE ¥ ABUES 2l
stol ubmE FL 0,001 gH9I2 ST ABL 2~48] MBS APHE vpF
WP ARHRAS, 5 AVSE A4

2.5 NTNU A|&Z|e| 7=
& Aol A= NINURE | B4 e =l %‘@‘-‘4 DRI®} CLIZ 273171 $15te] NTNUOJA]
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o

A= AlHlE 28 6t ol AR TR*W’C" 14 kg®] 2FAZ 25 cm®] FolollA|
2081 Asto] S48 71 = Aes AREACE AFAFARGEE 18 72 o] AldHol
ARz Aol 7 20 kg 5 HA|BIAL HFAIE ot Fofl 3t s150) 1A= 51

=
om, AT vEY) FUEEE 2UY 4 900 /1A O 200 pmO HYElo] Uk H3F v
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EE A 4 QE® AREL, 80

_1

gmin®] £ GRS FISHe G FARAL FUkL Yok FRFFEAE 18 83} Lol

igrsiat SAlo] vl HEolE 7t A%

S stof A5} g A o8] Yo ghito] FFEEE A

3. 2y Aol Cht NTNUAIEZ ] A

w

A BMIHA Ri2S0| BREN

B oM 2531} /"01 T3t NTNU/\I
2747 % 39702] NTNUAJE
Bro TBMEYe) AzrtAd /\i TBMS’J 278

A AR B Ao BAAk A9 1-—594 Aoy Bxs HARH A1 9), A ARAR

«
7REH Al2o] 59%2A 7P Weken, A71X Q7 EEPE A of 74%2A diEo] £
ZBA

ol FFwo] ghe Ao Yeiyth oz TBMO) Al 47|=8 F4°

HE B HEH] g2 Ao Alrgrh

2 T e Eof 2

25 23
(59.0%)

Frequency

(5.1

Seoul  Gyeonggi-do Gangwon-do
Province

Number of data: 39

o

Jeolla-do Gyeongsang-do
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tt NTNUEHZ oS8 HEl 2YHOI

A& Hupet 97.1 - 182 36.7 9.0 41 18 -
A& Holgh 153.0 - 50 | 299 5.7 27 13 -
A& Hulot 2222 - 7.1 30.3 3.0 28 19 -
A& = o}t 163.3 - 1.0 37.7 6.0 26 7 -
Mg Huopeh 250.1 - 12.1 30.9 6.3 33 18 -
g Hupet 294.6 - 1.2 36.8 5.3 25 8 -
A& Huopet 2443 - 15.4 34.8 3.7 28 24 -
A& Hu}t 204.7 - 20.4 25.9 2.0 30 34 -
A& LIAR 87.3 - 60 | 57.0 4.0 57 6 -
Mg Huoket 130.9 - 2.0 42,6 4.0 35 11 -
A& Hulet 109.0 - 2.1 38.6 5.0 32 10 -
A& Huoloh 49.4 38.0 57 | 487 2.0 48 21 9.6
Mg Huopot 48.8 61.0 6.3 35.0 4.0 32 17 8.7
Al Hujt 85.0 36.6 1.2 36.5 6.0 26 8 8.5
A& Hupet 88.9 32.9 1.5 36.7 6.0 28 8 99
AE Huopot 56.7 38.8 41 37.8 4.0 33 14 9.1
A Hopet 553 26.3 46 39.6 1.0 37 25 8.2
AE Hopod 77.9 26.3 208 | 541 2.0 58 34 8.2
NE Hopot 68.7 26.3 19.5 52.9 2.0 57 33 8.2
A& Hu}g} 117.4 26.3 3.9 34.5 1.0 30 23 8.2
A& a7ker 73.4 382 25 71.0 3.0 67 13 -
A& 37rot 73.4 382 2.5 66.1 5.0 61 11 -
A& Huopet 136.5 - 8.8 36.5 6.0 35 16 -
A7 | #Hulet 91.5 45.0 4.1 423 13.0 37 9 -
A7E | #Anlt 123.8 43.0 1.8 | 440 16.0 36 6 -
A7l | Hnret 130.0 315 30 | 355 20 29 16 9.9
A7 = | #uret - - 5.5 44.1 2.0 42 20 -
Azlz | Huoler 58.6 450 24 | 365 3.0 28 13 10.8
ZA7|x | Hopet 101.2 45.0 32 | 333 2.0 27 17 10.7
A 3ot 36.5 40.5 819 | 86.0 15.0 97 27 -
24 =3 115.5 5.0 3.8 52.9 8.0 47 29 -
24} Qraker 108.0 18.9 76 | 61.8 2.0 61 23 7.6
s | e 91.3 20.0 19.2 46.4 2.0 48 33 -
UL | 434 63.6 1.0 33.8 56.7 2.0 61 41 -
A | sl7ker 107.6 235 159 | 552 7.0 57 19 -
AAEE | sy 147.6 - 54 | 572 18.0 54 9 -
AA4EE | MY 130.9 - 1.9 | 53.0 13.0 46 7 -
Aapd e | otaler 158.3 - 60 | 554 2.0 53 21 -
HAatez | st 183.4 37.0 34 | 483 | 337 43 6 -
AU AFENES BA3E dalolA s, e F8 ol Hupta sieto] HA oF
87%E AMAIBIFTH L™ 10). E3], Hulhe] H]&0] 66.7%%A 7H Wakor, ehiel §3¢, 4

94

252

pp D

2z} 12700 Eshoic



TBM =% |31 NTNU A|@Z2e) 24

™
o
oir
=

b

[0
Ho

30
| 2

(66.7%) Number of data: 39
25 -

20

8
(20.5%

Frequency

10 4

2
(5.1%) 1 1 1
: (6%  (26%)  (2.6%)

Gneiss  Granite  Andesite Tuff  Limestone Shale

Rock type

a3 10 BHIA AIHZNSY A5Y 21

AFENY B UEGEPEe] B Avnd, AR Batol oF 125 MPao| T oF 31%7
100~150 MPa 222291 A& Uepdrl e 11). U29E7% 7t 50~100 MPagl ¢H4-2 A 2}
29 OF 36%E AHshgick ]9} o] AZYELE} 100 MPaole) ek 7oA % TBMY

2

,...
©,

8ol HEE ARIZE AR o5& & 4= Qlrk 24N AnEe] A ek Ha o
&7} 7h7) 2946 MPa} 36.5 MPa o]k

10

Frequency

50 100 150 200 250 300
Uniaxial compressive strength of rock, S (MPa}
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Frequency

DRKDrilling Rate Index)

a3 12, EMdiY AEZEEQ DRI 22X

Frequency

CLI(Cutter Life Index)

g 13 BM0Y A”ZELES CL 22

Extremely low <25 <5
Very low 26~32 50~59
Low 33~42 6.0~79
Medium 43~57 8.0~14.9
High 58~69 15.0~34
Very High 70~82 35~74

Extremely High >83 =175
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52 98t NTNU AlgiZfo] 4

7% DRIS| 22duof] W2, & 40 A€ DRI B7-5 483 uf H5-8olw=rf v ¢ e
FEDRI=26~32) 0 W2 2DRI=33~42)Q0 F41o] A9 oF 54%=A 2] tidh A3+
o]

j =1
o] AJAOF o obMEO] ulgo] =oo of &

E TR & S =] J}.UEET‘NI a1:!2)

T 138 EAOAE hAEe) CLI BERA, ¥ 49) CLI 552 A4S ) oF 44%9] AwofA]
B R 7} ule- WS ol a) BE Alojo]l Bashs Zlog vepgdtt WA 56%2] Ak
M Aol vl w7 vepch

NTNUAJHZQ] DRISL CLIS 419] ofd] E4E 7Hedloll TBM 27/ds3t ABLR
e}

Sl by WHoR BEHD Ut AFUSYE L NFTHA L - BARAE

20 71
0 RI = ‘&3756 S 60
*® . S~ 2297665
'8 2 o ) 50
£ 804 \ R* =028 8
£
s a9
T o =
o i .. .
£ 8 304 .
- .
= 40 3 hd . .
2 Q 24 ; . . .
4 = . . .
fw] 20 [ P % : . *
s} *
( . " » .
Y T T T T T T T 0 T ey g T T T T
o 50 100 180 200 250 300 350 o 50 100 150 200 250 300 350
Uniaxial compressive strength of rock, S, (MPa) Uniaxial compressive strength of rock, Sc {MPa)
38 14, YSUEZU=9 DRIQ| A O3 15, USYSZLTY CLIS| &H)
120 70
CLI =35.89626-0.51364-0..
100 60+ '
‘; . R = 066
d’ —
- % 50
£ 80 _§
& . = 40.*
£ oo . . & -
) L3 e | e, $
— Rl
= . \?\«\\'L g .
é 40 . ‘\;T-\m\; 3 20 . ; H .
T * e, s 5 d * *
8 24 © H \\
104 . .
. .. .
0 T T T M T H H T 0 T T T T ¥ H M
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Quartz contents, Q (%) Quartz contents, Q (%)
O 16, MAREI DRIQ A B 17, MEEKEE CcLIel B
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T3 145 DRISH A&A274=le) A BAR 202N, SA5UEe SAH 449 2
Z9274 w7 AW4E DRI, 5 9419 WEgol=rt sk 20w Uehith Teivh 2494
1 x

© QT W, CLISH d33sd=s AT vfe 48 Aes Uepdt(ad 15).
o] YA DRI Al ¢ B et oy CLIgk: AJ8A+71 0.66 05
A A FERt AFARL vhE HAS GEGcE 16 9 O 17). & dukdezs &
]

LA gl vlok 2ol o) Hashasgol TBM Haaizee] 4o & JaS 73 299

3.3 NTNU H|0|E{t[o]Agte] H|m

2 7o) Aol F8E =W Aol tigt AFETES FEAE szl 2949719
Amz 48 NINUQ| dlo]ejsjo)2(Bruland, 1998d)9} Bl Faatgicy. B3] AT S0
NINUelA 23 -3¢k AaHEe] thafialz DRI, CLIT 53} Zo] Edol=ntag Rofsial 9]
i NTNU©|2]9] 7]¢ollA] DRI CLIS| 243 79 NTNUAA AXE AEPHES HHEA] &

58 A 278k QI AR R A http:/www drillability.com), A ZHE AP ARE)
EFS NINUbolgHjo|20le] vlns Sof 7Hdoe Axd Bast ook

3% 182 DRIZ}F S0 BAZ LAJEH A28 A DRI Sy tf-$ =25t AFAAS 7HR)=

d

RS & 4 9lom, wgk Fu) PAS| ) FHY AP AWt NINUS AR2Eo] Z3ss
RS AL 4 gtk
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) e,
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20). 7124 NTNU glolej#o]29} vl uf, st Al 23S FUT AVSPolA ddizo=

__4

CLIZ} 9A g7 Sle-& o 4= Qieh oo Ak 41%‘?? k22 el B4 i
A 54 o] Zolofl whe Aoz AmEw oo] dsirs MY 5t et Aes
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